C hronic lymphocytic leukemia (CLL) is characterized by the progressive accumulation of small, mature CD5
+ lymphocytes in the peripheral blood, lymphoid organs, and bone marrow (BM). The hallmark of the disease is decreased apoptosis, resulting in accumulation of these malignant cells (1) . In addition, a strong relationship between BM infiltration patterns and clinical stages of the disease is observed, showing that the BM becomes filled with CLL cells as disease advances (2, 3) .
We have recently shown that overexpression of CD74 is an important survival mechanism in CLL, starting from the very early disease stages (4) . CD74 is a type II integral membrane protein that was originally thought to function mainly as an MHC class II chaperone (5) . A small proportion of CD74 is modified by the addition of chondroitin sulfate (CD74-CS), and this form of CD74 is expressed on the surface of immune cells. In addition to its chaperone activity, surface CD74 also functions as a survival receptor (6) (7) (8) . It was shown previously that macrophage migration inhibitory factor (MIF) binds to the CD74 extracellular domain, a process that results in the initiation of a signaling pathway in a CD44-dependent manner (8) (9) (10) .
Our recent study showed that activation of CD74 by MIF on CLL cells initiates a signaling cascade that can be observed from the very early stages of the disease. This pathway induces NF-kB activation, resulting in the secretion of IL-8, which in turn promotes cell survival. Blocking of this pathway by the mAb hLL1 (milatuzumab) (11) leads to decreased cell survival (4) .
The TAp63 form of p63 was found to regulate normal B cell survival in a CD74-dependent manner (12) . The p63 gene exhibits high sequence and structural homology to p53 (13) . The p63 gene contains two transcriptional start sites that enable the generation of transcripts containing (TAp63) or lacking (DNp63) the N-terminal transactivation domain. p63 plays a role in developmental regulation of limbs, skin, most epithelial tissues, and epidermal differentiation (14, 15) . Furthermore, p63 was recently shown to have a vital role in cellular adhesion and survival in basal cells of the mammary gland and in other stratified epithelial tissues (16) .
In the current study, we wished to determine whether p63 isoforms regulate CLL survival, migration, and homing. We show in this study that MIF-induced CD74 activation initiates a signaling cascade that results in upregulation of TAp63, which directly regulates CLL survival. In addition, elevated TAp63 expression upregulates cell surface expression of the VLA-4 integrin, resulting in augmented migration and homing of advanced CLL to the BM.
Materials and Methods

Patient population
B lymphocytes taken from the peripheral blood of patients with CLL who satisfied diagnostic and immunophenotypic criteria for CLL at various disease stages were provided as described previously, in accordance with the protocol approved by the Institutional Review Board of the Kaplan Medical Center (Rehovot, Israel) (17) . The diagnosis of CLL was based on standard criteria, and patients were staged according to the Rai staging system (18). The Patient's samples were drawn at least 6 wk after the last dose of chemotherapy. APSCT, autologous peripheral stem cell transplantation; COP/CHOP, cyclophosphamide, oncovine, and prednisone, with or without an anthracycline; F, female; FC/R, fludarabine and cyclophosphamide with or without rituximab; L/P, leukeran/prednisone; M, male; NA, not applicable. characteristics of the patients are summarized in Table I . In our experiments, early cells refers to stages 0-II, and advanced cells refers to stage III and IV (according to the Rai staging system) (19) .
Cell purification B lymphocytes were purified using a RosettSep Ab mixture (StemCell, Vancouver, British Columbia, Canada), as described previously (4, 17) .
Mice
C57BL/6 female mice were used at 6 to 8 wk of age. All animal procedures were approved by the Animal Research Committee at the Weizmann Institute of Science, (Rehovot, Israel).
Reagents
The hLL1 mAb (IMMU-115; milatuzumab) was provided by Immunomedics (Morris Plains, NJ). Development and properties of hLL1 were described previously (11, 20) . rMIF was purified from an expression system as previously described and contaminating endotoxin removed by C8 chromatography (21) .
Stimulation and blocking
For MIF stimulation, assays were performed as described previously (4, 8) . Briefly, 1 3 10 7 cells were incubated in RPMI medium containing 0.1% (v/v) FCS at 37˚C for 3 h. CLL cells were then stimulated in the presence of 100 ng/ml of MIF at 37˚C for 18 h. Blocking the CD74 pathway: CLL (1 3 10 7 ) cells were incubated in the presence of hLL1 (50 mg/ml) or (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1, 20 mM; Calbiochem, San Diego, CA) at 37˚C for 18 h, as described previously (4) .
Western blot analysis
Lysates were separated by SDS-PAGE. The proteins were transferred onto a nitrocellulose membrane and probed with anti-p63(4A4; BD Biosciences, SanJose, CA), anti-p53 (BD Biosciences), anti-b1 (TS 2/16; Endogen, Woburn, MA), anti-VLA-4 (C-20; Santa Cruz Biotechnology, Santa Cruz, CA), or anti-Bcl-2 (C-2; Santa Cruz Biotechnology) followed by HRP-conjugated anti-mouse (Jackson ImmunoResearch Laboratories, West Grove, PA). The membrane then was stripped and reprobed with anti-tubulin Ab (Sigma-Aldrich, St. Louis, MO), followed by peroxidase-conjugated anti-mouse (Jackson ImmunoResearch Laboratories).
RNA isolation and reverse transcription
Total RNA was isolated from cells by using the TriReagent kit (Molecular Research Center, Cincinnati, OH),according to themanufacturer's instructions. Reverse transcription was carried out by using SuperScript II RT (Invitrogen, Carlsbad, CA) and oligo dT 15 (Promega, Madison, WI) primers. Primers that were used in PCR reactions included: Bcl-2: (sense) 59-AGATCTCTGGT-TGGGATTC-39, (anti-sense) 59-CACCGAACACTTGATTCTG-39; TAp63: (sense) 59-GCCCATTGACTTGAACTTTGTG-39, (anti-sense) 59-GCTG-GGCTGTGCGTAGG-39; ΔNp63: (sense) 59-TTGTACCTGGAAAACAAT-GC-39, (antisense) 59-GCTGGGCTGTGCGTAGG-39; b1: (sense) 59-TGG-AACAGATCTGATGAATG-39, (anti-sense) 59-AAGGTGAGCAATAGAA-GGAT-39; VLA-4: (sense) 59-AGCCAGCATACTACCGAAGT-39, (antisense) 59-GCACGGCCATTGTAAATA-39; CXCR4: (sense) 59-CTG AGA AGC ATG ACG GAC AA-39, (anti-sense) 59-TGG AGT GTG ACA GCT TGG AG-39; and actin: (sense) 59-TGAAGTGTGACGTGGACATCCG-39, (anti-sense) 59-GCTGTCACCTTCACCGTTCCAG-39.
The alternative promoters P1 and P2 of p63 drive the expression of transactivating (TA) and the N-terminally truncated (DN) isoforms (22) . Therefore, the 59 primers were designed to recognize the specific exons unique to each isoform. The 39 primers were identical and recognize both isoforms.
Real-time RT-PCR analysis
Levels of mRNA of Rp2, TAp63, a4, aL, and Bcl-2 were analyzed by quantitative real-time RT-PCR using a Light-Cycler instrument (Roche Diagnostics, Mannheim, Germany). The reaction volume (10 ml) contained 3 mM MgCl 2 , LightCycler HotStart DNA SYBR Green I mix (Roche Diagnostics), specific primer pairs, and 2.5 ml cDNA. Conditions for PCR were as follows: 10 min at 95˚C followed by 40-60 cycles of 15 s at 95˚C, 15 s at 60˚C, and 15 s at 72˚C. PCR was performed in duplicate as previously described (23) . Primer sequences were as follows: TAp63: (sense) 59-GACTCGGACCTGAGTG-39, (anti-sense) 59-CTGGGTAGTCGGTGTT-39; a4: (sense) 59-ATCTGACTCTGCCTTCAT-39, (anti-sense) 59-CATTCCTCACCATCACTG-39; Bcl-2: (sense) 59-GGATC-AGGGAGTTGGAAG-39, (anti-sense) 59-GCACTGCCAAACGGAG-39; aL: (sense) 59-GAGGGTGGATCACCTG-39, (anti-sense) 59-GCAATGGCGCAA-TCTT-39; and RP2: (sense) 59-GCACACGTCCAATGACAT-39, (anti-sense) 59-GTGCGGCTGCTTCCATAA-39.
RP-2 levels were used as a housekeeping control to normalize samples for calculation of the relative expression levels of other genes. Small interfering RNA Downregulation of p63 expression was performed as described previously (12) . The targeting oligomers used were small interfering-LacZ (59-AAGTGAC-CAGCGAATACCTGT-39) and small interfering p63 (59-CAGATCAAGGT-GATGACCCCA-39).
Transwell migration
Chemotaxis was assayed as previously described (17, 24) . Briefly, 5 3 10 6 CLL cells were added to the top chamber of a Transwell culture insert coated with fibronectin. Migration toward CXCL12 (100 ng/ml) was analyzed by FACSort (BD Biosciences) 3 h later. Percent migration was calculated as the number of migrating cells in the lower chamber as a fraction of the input cell number in the upper chamber.
Tracking of cells in vivo
After 24 h of stimulation, cells were labeled with 5 mM CFSE (Molecular Probes) or 5 mM benzoyl amino tetramethylrhodamine (CMTMR; Sigma-Aldrich) for 15 min at room temperature. Neither CFSE nor CMTMR had any effect on cell survival throughout the experiment. Then, 1 3 10 7 cells were i.v. injected into control C57BL/6 mice. Homing of CLL cells to the spleen, BM, and lymph nodes (LNs) was determined 3 h later by FACS analysis of isolated tissues.
In vitro shear flow assays
Laminar flow adhesion assays were performed as described (25) .
Statistics
Statistical analysis was performed using SPSS (SPSS, Chicago, IL). The data were tested for normal distribution, and t tests were performed on normally distributed data sets, as described previously (4) .
Results
TAp63 is a target gene of CD74 in CLL cells, inducing their survival
Our recent studies showed that murine CD74 induces TAp63 expression, resulting in increased cell survival (12) . In this study, we first showed that hCD74 modulates TAp63 expression following its transfection into human HEK 293 cells (Supplemental Fig. 1 ). Based on these results in transfect cell lines, we next tested TAp63 expression in early and advanced CLL (Table I ). TAp63 was detected at similar levels in both CLL cells derived from early-and advanced-stage patients (Fig. 1A) . Next, CLL cells were incubated in the presence or absence of MIF for 18 h, and TAp63 and DNp63 mRNA levels were analyzed (Fig. 1B, 1C ). CD74 stimulation had no effect on DNp63 mRNA levels (Fig. 1B) . However, a significant elevation of TAp63 mRNA levels was detected in CLL cells from both early and advanced patients stimulated with MIF (Fig. 1B, 1C ). This elevation resulted in augmented p63 protein expression (Fig. 1D) , demonstrating that MIF specifically upregulates TAp63 expression in CLL cells. In addition, blocking CD74 by the humanized anti-CD74 blocking Ab (hLL1) specifically downregulated TAp63 mRNA levels, demonstrating that blocking CD74 activity inhibits TAp63expression (Fig.  1E, 1F ). To further demonstrate that MIF secreted from CLL regulates TAp63 expression, CLL cells were incubated in the presence or absence of ISO-1 (a nontoxic inhibitor of MIF that binds to the bioactive MIF at its catalytically active N-terminal tautomeraze site) (26) , which inhibits MIF binding to CD74 (27) . As shown in Fig. 1G , lower levels of TAp63 mRNA were detected in cells treated with ISO-1, showing that MIF secreted by CLL cells regulates their TAp63 expression through an autocrine loop involving CD74.
Because CD74 regulates CLL survival, we wished to confirm that it supports survival through its target gene, TAp63. Knockdown of p63 downregulated Bcl-2 mRNA and protein levels, resulting in an increased apoptotic subpopulation (Supplemental Fig. 2 ). In addition, downregulation of p63 specifically inhibited the MIF-induced elevation of Bcl-2 mRNA levels, showing that the MIF/CD74-induced survival cascade is mediated through TAp63 (Supplemental Fig. 2 ).
Migration of advanced CLL cells to the BM is enhanced due to elevation in VLA-4 integrin
It was shown recently that in addition to its role in cell survival, p63 regulates the expression of an array of proteins that mediate cell adhesion (16) . We therefore speculated that in CLL cells, TAp63 might be similarly involved in expression of genes regulating cell adhesion and migration. Thus, we wished to determine whether TAp63 might regulate CLL migration to lymphoid organs in an MIF-dependent manner. Our previous results demonstrated that early-versus advanced-stage CLL exhibits different migratory patterns (17) . We first compared in vivo homing of early and advanced stage human CLL cells to the mouse BM, LN, and spleen 3 h after their i.v. injection. Early CLL cells stained with CFSE and advanced CLL cells stained with CMTMR were injected i.v. into C57BL/6 mice. After 3 h, recovered BM, LN, and spleen populations were analyzed by FACS.
CLL cells from early-and advanced-stage patients could not be detected in the LN, in agreement with recent results (28) . In contrast, similar levels of early-and advanced-stage CLL cells homed to the spleen. Strikingly, advanced CLL exhibited significantly enhanced homing to the BM (Fig. 2A) .
Homing of normal and malignant B cells to the marrow is mediated by the chemokine receptor CXCR4 (29) . We therefore assessed the expression of CXCR4 and integrins expressed on early-and advancedstage cells. Similar levels of LFA-1 (aL integrin), b1 integrin, and the chemokine receptor CXCR4 (Supplemental Fig. 3) were detected in both early-and advanced-stage CLL cells at the mRNA and cell-surface protein level. However, differences in a4 integrin (VLA-4) expression levels were observed. Early-stage CLL expressed low levels of the a4 mRNA (Fig. 2B, 2C , Table II ) and cell surface protein (Fig. 2D, 2E , Table II ) compared with their elevated levels in advanced-stage CLL cells. Thus, VLA-4 might play a role in the enhanced homing of advanced-stage CLL cells to the BM.
We next asked whether the increased expression and function of VLA-4 in BM homing of advanced-stage CLL cells are also reflected in the generally enhanced adhesive and migratory capacities of these cells in an in vitro model of TNF-a-activated HUVECs, a prototype for cytokine-activated vascular endothelium. HUVECs express high levels of both ICAM-1 and VCAM-1, ligands of LFA-1 and VLA-4 integrins, respectively (30) . Early-stage CLL cells, which expressed low levels of VLA-4 and LFA-1 (Fig. 2E) , as well as cells from advanced disease, which expressed high levels of VLA-4 and low levels of LFA-1 (Fig. 2, Supplemental Fig. 3 ), readily detached from the endothelial surface and were unable to transmigrate across the monolayer, even in the presence of the stimulatory chemokine CXCL12 (Fig. 2F) . These results suggest that the increased levels of VLA-4 on advanced-stage CLL are not sufficient to promote their adhesion and transendothelial migration across an inflamed ICAM-1-and VCAM-1-expressing endothelial barrier. However, blocking of VLA-4 resulted in inhibition of homing of advanced-stage CLL to the BM (Fig. 2G) , whereas homing to the spleen, which is considered an integrin-independent process, was not affected (Fig. 2H) .
Activation of cell-surface CD74 upregulates CLL migration to the BM in a TAp63-and VLA-4-dependent manner
We next determined whether CD74 regulates CLL migration. To this end, we analyzed the effect of CD74 blockade on migration of advanced CLL using the blocking Ab hLL1. As seen in Fig. 3A , incubation with hLL1 for 24 h significantly downregulated the ability of advanced-stage CLL to migrate through a Transwell plate coated with fibronectin, suggesting that CD74 is involved in the BM homing of advanced cells. Furthermore, the migratory response toward CXCL12 of cells lacking p63 was lower compared with control cells (Fig. 3B) . Thus, CD74 regulates TAp63 expression, which, in addition to its role in survival, regulates migration of advanced-stage CLL cells.
To determine whether stimulation of CD74 by its ligand MIF regulates advanced-stage CLL migration, we first analyzed the in vitro migration of CLL cells treated with MIF versus untreated cells in a Transwell plate coated with fibronectin. As seen in Fig. 3C , incubation with MIF enhanced the ability of advanced cells to migrate toward CXCL12, whereas it had no effect on migration of early-stage cells. Next, to determine whether CD74 stimulation regulates CLL migration in vivo, early-and advancedstage CLL cells were incubated in the presence or absence of MIF for 24 h. Cells were then stained with CFSE and injected i.v into C57BL/6 mice. Spleen and BM were collected 3 h following injections, and cells migrating to these compartments were analyzed by FACS. As shown in Fig. 3D , MIF upregulated migration of advanced cells to the BM, whereas it had almost no effect on the migration of early-stage cells (Table III) . However, MIF elevated migration to the spleen of both early-and advancedstage cells (Fig. 3E) , suggesting that the differential accumulation of early-versus late-stage CLL cells in the BM results from elevation of migration to this compartment and not survival alone (Table III) .
We then determined whether the upregulation of a4 (VLA-4) integrin expression is induced by CD74. Surface CD74 on control and early-and advanced-stage CLL cells was stimulated with MIF for 18 h, and VLA-4 expression was followed. Although no change was observed in VLA-4 mRNA levels in control B cells (Fig. 4A, 4B ), MIF upregulated a4 mRNA (Fig. 4A, 4B ), protein (Fig. 4C) , and cell-surface protein (Fig. 4D ) expression in both early-and advanced-stage CLL cells. However, despite MIF upregulation of a4 expression in both early-and advanced-stage cells, the expression levels of this chain in MIF-stimulated early -stage CLL cells was still significantly lower compared with untreated advanced-stage cells (Fig. 4D) . To directly determine whether CD74 regulates MIF-induced VLA-4 expression, MIF-stimulated CLL cells were incubated in the presence or absence of hLL1, and VLA-4 mRNA levels were analyzed by real-time PCR. As shown in Fig. 4E , hLL1 downregulated the MIF-induced elevation of a4 mRNA levels. Thus, MIF binding to CD74 induces a cascade that elevates a4 expression.
We next wished to confirm that the upregulation of CLL migration following CD74 activation is a VLA-4-dependent process. Advanced-stage CLL cells were treated with MIF for 24 h, or left untreated, followed by incubation with an a4-blocking Ab for 30 min. Cell migration toward CXCL12 was analyzed in a Transwell plate coated with the VLA-4 ligand fibronectin for 3 h. As seen in Fig. 4F , VLA-4 blocking with an a4-blocking Ab specifically inhibited the elevated migration of MIF-treated cells toward CXCL12 to levels that were even lower than the levels of untreated cells. Thus, inhibition of a4 integrin resulted in a significant reduction in the MIF-stimulated and nonstimulated in vitro migration of advanced-stage CLL cells. This suggests that activation of cell-surface CD74 expressed on advanced-stage CLL cells augments their VLA-4-dependent migration over a VLA-4 ligand and toward a chemokine gradient. Next, to determine the role of VLA-4 in vivo, CLL cells treated for 24 h with MIF followed by incubation with an a4-blocking Ab for 30 min were injected i.v. into mice, and their numbers in the BM and spleen were analyzed. As shown in Fig. 4G , a4-blocking Ab inhibited the elevated migration of MIF-treated cells toward the BM, whereas it had no affect on the migration of MIF-treated cells toward the spleen (Fig. 4H) , suggesting that VLA-4 indeed controls homing of CLL cells to the BM.
Finally, to directly show that CD74 induces CLL migration by elevating VLA-4 in a TAp63-dependent manner, p63 expression was knocked down by small interfering p63, and a4 expression on CLL cells was analyzed. Downregulation of p63 mRNA levels resulted in reduced levels of a4 mRNA (Fig. 5A ) and cell-surface expression (Fig. 5B ) compared with untreated cells or cells treated with control small interfering RNA (siRNA). In addition, reduced levels of p63 expression specifically abrogated the MIF-elevated expression of VLA-4 mRNA (Fig. 5C, 5D ). Thus, our data demonstrate that VLA-4 is an additional target gene of the MIF/CD74 complex. Induction of the CD74 cascade results in elevation of TAp63 expression, enabling CLL cell homing to the BM.
Discussion
The increased accumulation of CLL cells in the BM, with the resultant cytopenia during disease progression, suggests a change in the migratory and homing pattern of the cells, gradual occupation of normal hematopoietic cell niches, and displacement of normal cells. The results of our current study shed new light on those processes as well as their correlation with the survival of the malignant cells. In this study, we followed the role of TAp63 in the MIF-induced survival of CLL cells. We show that TAp63 has a dual role in CLL. It not only directly affects cell survival, but also has an effect on the migratory and invasive properties of the cells to the BM, indirectly regulating their survival as well (Supplemental Fig. 4) .
Our studies show that TAp63 directly regulates CLL cell survival from the early disease stage. We further demonstrate that TAp63 indirectly regulates advanced CLL cell survival by inducing their migration and homing to the BM. The BM stroma plays an essential role in B lymphopoiesis and can provide survival niches for both normal and leukemic mature B cells. The adhesion of CLL cells to BM stromal cells or to the BM vasculature has been shown to rescue these lymphocytes from apoptosis and to extend their life span (31) (32) (33) . The increased accumulation of CLL cells in the BM during disease progression suggests a change in the migratory and homing pattern of the cells. We show that advanced-stage CLL cells express higher levels of a4 integrin compared with A B C D early-stage cells. Because CLL cells express only the a4b1 (VLA-4) integrin and not a4b7 (28), our results indicate an elevation of VLA-4 expression levels. Higher VLA-4 expression levels correlate with augmented homing to the BM, which might additionally lead to retention of CLL in the BM environment, leading to enhanced survival. Recently, it was demonstrated that VLA-4 is an independent prognostic indicator for overall survival, along with IGHV mutational status (34) (35) (36) . In complete accordance with these recent reports, we observed significantly higher VLA-4 expression in advanced-stage cells compared with cells from patients with early disease. The low expression of VLA-4 might explain the inability of circulating early stage CLL cells to re-enter the BM. Our results show that MIF and CD74 play a significant role in the regulation of VLA-4 expression and therefore affect homing and survival of CLL cells. MIF is secreted from all types of cells; therefore, CLL cells are stimulated by this chemokine in all compartments. MIF stimulation elevates VLA-4 cell-surface expression levels during advanced-stage disease. The mechanism that regulates high VLA-4 expression at the advance stage is still not known. It is likely that only after their progress to the advanced disease stage do the cells increase their VLA-4 expression to levels that support their homing to the BM. These results suggest that homing to the BM requires threshold levels of VLA-4 expression that enable retention and survival of CLL in BM, an environment that is enriched with the VLA-4 ligands VCAM-1 and fibronectin and supports their retention and survival. It is possible that CLL exposure to systemic MIF redirects circulating CLL back to the BM, where they may encounter more MIF and additionally elevate their VLA-4 expression and retention on stromal VLA-4 ligands. This may create a cycle that can further promote disease-associated BM failure.
Our results suggest that blocking MIF expression or its receptor, such as with an antagonistic anti-CD74 Ab (20) , might inhibit homing of CLL cells to the BM and decrease their survival in this compartment. Thus, our results suggest that novel therapeutic strategies aimed at blocking the MIF/CD74 pathway could lead to better and more targeted eradication of the disease due to decreased cell survival and/ or alteration of disease progression by decreasing BM homing.
